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Abstract 
This paper proposes a surface generation model based on a fast and comprehensive time domain solution which simulates regenerative 
vibrations as well as an interaction of cross edge and flank profiles with the undulation of machined surface. Depending on the profiles of the 
cutter geometry, the damping forces affect the stability of the milling processes which results in variations of the machined surface profile even 
under the same cutting conditions. By simulating dynamic cutter center affected by shearing and damping forces, runout, and feed motions, the 
time-dependent angular positions of the edge profiles can be precisely located, which are used to calculate the dynamic uncut chip thickness 
and the intersection area of the edge profiles against the surface undulation. As the cutting edges interacts with the machined surfaces, the 
positions of the edges are extracted and connected to form machined surface profiles. The simulated surface profiles are compared with the 
experimental ones by considering the damping effect depending on the  cross edge and flank profiles.  
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1. Introduction 
Machining chatter often causes a deterioration of the 
machined surface quality which requires further re-
machining or polishing. There have been extensive research 
publications on the mechanics and dynamics of milling 
processes. Since this paper focuses on surface quality 
affected by damping depending on cross edge profiles of an 
end mill, previous relevant works on the milled surface 
prediction have been summarized.  Some researchers 
formulated the mechanistic form error in side end milled 
surfaces considering tool geometry, runout and tool 
deflection [1-4]. Montgomery proposed the prediction of 
the surface profile by considering the dynamic motion of a 
cutter [5].  Elbestawi [6,7] simulated the surface topography 
in side milling considering flank wear but didn’t consider 
the effect of the cross edge radius. Melkote [8] investigated 
the effects of radial rake angle and primary relief angle for 
predicting the bottom surface topography. 
Some researchers used neural networks on predictions of 
milled surface quality due to the complexity of surface 
generation mechanism [9].  And a recent research proposed 
a surface error prediction method composed of analytical 
and stochastic model [10].   
Tool wear or tool edge preparation may cause the change 
of the cross edge and its adjacent flank geometries, which 
affects the surface quality as well as stability. So, it is 
necessary to consider the cross edge and flank geometries 
of the tool as the parameters of the surface prediction 
model. This paper addresses the damping effect caused by 
the tool geometry, which may reduce the chatter marks on 
the surface. The modeling contributes to the formulation of 
the surface generation affected by the damping generated 
by both cross edge radius and flank geometries. As the 
regenerative vibration is simulated by tracking cutting edge 
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locations, the milled surface is constructed by considering 
the damping effect caused by cross edge and flank profiles.   
2. Milled surface prediction considering cross-edge 
profile 
Total milling forces, including shearing and damping forces 
can be defined as follows  
¦¦¦¦¦ +=
i k f
p
i k
fkjidFkjidFF(j) ),,,(),,(                      (1) 
where dF  is shearing forces and pdF  damping forces.  
The detailed force formulation, including damping forces is 
addressed in the previous publication [11]. The damping 
forces are generated by the interaction of the cross edge and 
flank profiles of the tooling with the wavy surface of the 
work material.  
The dynamic milling system can be formulated as follows: 
 
          (2) 
 
Experimental modal analysis can identify the direct transfer 
function of the structure along the x, y, z direction at the tip 
of the end mill, which can be formulated in the Laplace 
domain as, 
 (3) 
where Nh  is the total number of modes in the system, h 
represents each of these modes and nhw , hk , and  hζ  are 
the natural frequency, modal stiffness, and damping ratio, 
respectively [11]. 
The fourth order Runge-Kutta equation is adopted for the 
numerical integration of the Eq. (2) according to the 
simulation time interval. The total displacement of the tool 
is simulated by summing the vibrations caused by all 
natural modes. 
   
   (4)  
Finally, the center position of the end mill ( cX , ,cY cZ ) 
can be described using the vibration displacement and feed 
per tooth ( tf ) as follows [11]: 
                 
 
 
 
(5) 
 
 
where rR  represents the radial runout of the cutter center.  
From the cutter center position estimated using Eq. (5), the 
actual cutting edge location is calculated and dynamic uncut 
chip thickness can be simulated as depicted in Fig. 1(a).   
When a cutting edge passes through machined surface, the 
surface profile map is updated after the comparison 
between the locations of the cutting edge and the surface 
nodes. The forces in Eq. 1 vary according to the cross edge 
radiuses and flank geometries shown in Fig. 1(b), which 
affects the machined surface quality.  In order to study the 
effect of the cross edge and flank profiles on the surfaces, 
tool wears have been generated. Table 1 shows the analyzed 
profiles according to tool wear. Worn tool-A has different 
cross edge radiuses and flank profiles compared to worn 
tool-B. 
(a) Location of dynamic cutting edge 
 
 
 
(b) Cross edge radius 
and its adjacent flank 
sections 
Fig. 1 cutting edge location and cross edge profiles( xe, ye : 
current edge location,  xc, yc : current cutter center location, xem, yem 
: previous edge location,  xcm, ycm : previous cutter center location, 
ࢥc : current edge angular location ) 
 
Table 1. Cross edge profiles for end mills 
Figs. 2, 3, and 4 show the side milled surface profiles 
according to fresh tool, worn tool-A and worn tool-B, 
respectively. The tested workpiece material is Al6061-T6. 
In the measured surface profiles according to Fig.2(b), the 
chatter marks are clearly shown at RPM 19200 while the 
chatter marks are significantly suppressed by worn tools as 
in Figs. 3(b) and 4(b).  It is clear that the cross edge profiles 
of worn tools induces process damping which suppress 
chatters at RPM 19200. At RPM  22200 and RPM 26000, 
the fresh tool still induces chatter marks on the surface as 
shown in Figs. 2(c) and 2(d). Worn tool-A reduces the 
Roeders milling machine 
Dia. = 10 mm, No. of flute = 2, Rake angle = 10°,  
Helix angle = 30° 
Fresh Tool 
CER (Cross edge radius) = 8.168 μm, 1fδ (1st 
flank relative angle) =12° 1fL (1st flank section 
length) =100 μm  
Worn Tool-A 
CER = 24.471 μm, 1fδ =-0.81°, 1fL =41.121 μm,
2fδ   = 12 °, 2fL =345.485 μm 
Worn Tool-B 
CER = 40.322 μm, 1fδ =2.71°, 1fL =43.868 μm, 
2fδ   = 12°, 2fL =357.618 μm 
Cutting 
condition 
Feed / tooth = 0.05 mm, Ae = 1.5  mm, Ap = 6 
mm, RPM: 19200, 22000, 26000
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chatter but minor chatter marks still remain on the surface 
at RPM 22200 and RPM 26000 as in Figs. 3(c) and 3(d). 
Worn tool-B suppresses the chatter marks and shows only 
feed per tooth marks or forced vibration marks as in Figs. 
4(c) and 4(d). Since worn tool-B has a higher cross edge 
radius because of the more wear than worn tool-A, more 
damping is expected for the chatter suppression. As 
indicated in experimental results, it is validated that surface 
quality is affected by the damping effect of the cross edge 
radiuses and flank geometries.  
  
(a) Edge profiles of fresh tool (b)  RPM 19200 
(c) RPM 22000 (d) RPM 26000 
Fig. 2 Milled surfaces by fresh tool 
 
(a) Edge profiles of worn tool-A 
 
(b)  RPM 19200 
(c) RPM 22000 (d) RPM 26000 
Fig. 3 Milled surface by worn tool-A 
 
(a) Worn tool-B 
 
(b)  RPM 19200 
 
(c) RPM 22000  (d) RPM 26000 
Fig. 4 Milled surface by worn tool B 
For the prediction of milled surfaces, the parametric values 
of the cross edge profiles indicated in Table 1 are input to 
the force equations and used in calculating the damping 
forces. When the cutting edges pass through the machined 
surfaces, the positions of the edges are extracted and 
connected to form machined surface profiles.  
Table 2. Modal parameters of an end mill 
 
Mode
no. 
Natural 
Frequency 
(Hz) 
Damping 
Ratio ( )ζ  
Modal 
Stiffness ( )k  
(N/m) 
X 
(Feed 
directional 
mode) 
1 4781 0.012 17754244 
2 4344 0.015 74394854 
3 2056 0.054 27304267 
4 2100 0.053 28813909 
Y 
(Cross feed 
directional 
mode) 
1 4781 0.013 16967545 
2 4331 0.011 102009017 
3 1037 0.024 67846026 
4 1931 0.044 37198231 
 
 
(a) Predicted milled surface for fresh end mill 
 
 
(b) Predicted milled surface by worn tool-A 
 
(c) Predicted milled surface by worn tool-B 
Fig. 5 Predicted surfaces at RPM 19200 
In the simulation, the dominant modal parameters in x and y 
directions of end mills were taken and the mode in tooling 
axis (z) is ignored as shown in Table 2. Figs. 5, 6 and 7 
depict the predicted milled surfaces for the fresh tool, worn 
tool-A, and worn tool-B according to RPMs 19200, 22200, 
and 26000, respectively. The damping force coefficients 
(Kd = 22,000 N/mm3 and ȝ=0.3) and separation angle 17° 
are used for simulating the damping effect of Al6061-T6 
with the given end mills and cutting conditions. The runout 
of the tooling is 0.004 mm. As observed in experimental 
results, the predictions of  the milled surface with the fresh 
tool shows chatter marks for RPMs 19200, 22200, 26000 as 
illustrated in Figs. 5(a), 6(a) and 7(a). With worn tool-A, 
the predicted surfaces show partial chatter marks for RPMs 
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22200 and 26000 as shown in Figs. 6(b) and 6(c), while the 
predicted surfaces don’t show clear chatter marks with 
worn tool-B for the RPMs.  
 
(a) Predicted milled surface for fresh end mill
 
(b) Predicted milled surface by worn tool-A
 
(c) Predicted milled surface by worn tool-B 
Fig. 6 Predicted surfaces at RPM 22200 
 
 
(a) Predicted milled surface for fresh end mill
 
(b) Predicted milled surface by worn tool-A
 
(c) Predicted milled surface by worn tool-B 
Fig. 7 Predicted surfaces at RPM 26000 
 
The predictions are in agreement with the measurements.  
Both simulation and experimental results tell that the cross 
edge and flank profiles affect the vibration waves on the 
machined surface due to the damping effect.  
3. Conclusion 
This article proposes the milled surface prediction model 
considering the cross edge and flank profiles of the end mill 
under various cutting conditions. The model simulates the 
interaction of the cross edge and flank profiles with the 
machined surfaces, which causes the damping effect. By 
tracking the time-dependent angular positions of the edge 
profiles and comparing the edge positions against the 
remaining surface profile, the milled surface profiles can be 
constructed. The milled surfaces predicted with  the fresh 
and two worn tools are compared to the real surfaces.  The 
damping effect of cross edge profiles is found significant to 
suppress chatters as shown in both experiments and 
simulations. In the near future, further experimental tests 
with different work materials and other conditions will be 
done.  
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